† Background and Aims Apoplasmic barriers in plants fulfil important roles such as the control of apoplasmic movement of substances and the protection against invasion of pathogens. The aim of this study was to describe the development of apoplasmic barriers (Casparian bands and suberin lamellae) in endodermal cells of Arabidopsis thaliana primary root and during lateral root initiation. † Methods Modifications of the endodermal cell walls in roots of wild-type Landsberg erecta (Ler) and mutants with defective endodermal development -scarecrow-3 (scr-3) and shortroot (shr) -of A. thaliana plants were characterized by light, fluorescent, confocal laser scanning, transmission and cryo-scanning electron microscopy. † Key Results In wild-type plant roots Casparian bands initiate at approx. 1600 mm from the root cap junction and suberin lamellae first appear on the inner primary cell walls at approx. 7000-8000 mm from the root apex in the region of developing lateral root primordia. When a single cell replaces a pair of endodermal and cortical cells in the scr-3 mutant, Casparian band-like material is deposited ectopically at the junction between this 'cortical' cell and adjacent pericycle cells. Shr mutant roots with an undeveloped endodermis deposit Casparian band-like material in patches in the middle lamellae of cells of the vascular cylinder. Endodermal cells in the vicinity of developing lateral root primordia develop suberin lamellae earlier, and these are thicker, compared wih the neighbouring endodermal cells. Protruding primordia are protected by an endodermal pocket covered by suberin lamellae. † Conclusions The data suggest that endodermal cell-cell contact is required for the spatial control of Casparian band development. Additionally, the endodermal cells form a collet (collar) of short cells covered by a thick suberin layer at the base of lateral root, which may serve as a barrier constituting a 'safety zone' protecting the vascular cylinder against uncontrolled movement of water, solutes or various pathogens.
INTRODUCTION
The primary root of Arabidopsis thaliana has a simple tissue and cell organization. Its radial pattern is a result of stereotypical meristematic cell divisions (Dolan et al., 1993) . The quiescent centre occurs in a distal region of the meristem and consists of a group of four cells. These cells produce, by anticlinal division, the four groups of initials from which one cell forms the basis for the development of initials of the primary cortex. Cortical initials undergo asymmetric periclinal divisions resulting in two daughter cells. The outer cell forms a file of outer cortical cells, and the inner cell, the proendodermal cell, forms a one-layered file of inner cortical cells, the endodermis (Costa and Dolan, 2000) . The asymmetric cell division is regulated by the SCARECROW (SCR) and SHORTROOT (SHR) genes (Di Laurenzio et al., 1996; Helariutta et al., 2000) . Their loss of function results in the absence of the typical endodermal layer in the root and development of a single cortical layer. This layer possesses the features of both the outer cortex and endodermis (Di Laurenzio et al., 1996) . A single layer of endodermis in plants is defined by an evolutionarily conserved mechanism, where the SCR sequesters the SHR protein and delimits its movement. Furthermore the SHR -SCR complex positively activates the transcription of SCR and in this way a positive feedback loop that promotes endodermal development in a single cell layer forms (Cui et al., 2007) .
The endodermis is the innermost layer of primary cortex, which represents a boundary between the vascular cylinder and peripheral root tissues (von Guttenberg, 1968) . The number of cells in the endodermis in a cross-section of an A. thaliana primary root is typically eight (Rost et al., 1996) . Endodermal cells of vascular plants may develop in three developmental states resulting in primary, secondary or tertiary endodermis, respectively (von Guttenberg, 1968) . Primary endodermis is characterized by a close contact between the cell wall and the cytoplasmic membrane in the centre of anticlinal walls (Bryant, 1934; Bonnet, 1968) and it is subsequently extended toward the tangential cell walls. Consequently the electron-dense material deposits in the net of the primary cell wall and a Casparian band is formed continually along the inner surface of anticlinal cell walls (Ma and Peterson, 2003) . The exact Casparian band composition of several species is known. For example, the Casparian bands of Clivia miniata consist of lignins, approx. 10 times less suberin, and also of arabinose, hydroxyproline, proline, serine, lysine and other amino acids . The exact chemical composition of A. thaliana Casparian bands is unknown yet due to the difficulties in extracting enough of the cell wall material for chemical analysis.
The endodermis only rarely terminates development in the primary state (Casparian bands), and in almost all species secondary endodermis (suberin lamellae) is developed. The secondary state is characterized by deposition of suberin lamellae on the inner surface of primary cell walls (von Guttenberg, 1968) , which is a more efficient apoplasmic barrier compared with the Casparian bands (Peterson et al., 1981; Schreiber et al., 1999; Ranathunge et al., 2005) . Suberin lamellae possess a qualitatively similar chemical composition to that of Casparian bands, but the amount of lignins and suberin is reversed, with suberin being dominant . The monomer composition of suberin in A. thaliana consists mostly of 1-alcohols, v-hydroxyacids, a,v-diacids and 2-hydroxyacids (Höfer et al., 2008) .
Endodermal development proceedes to a so-called tertiary state in some plant species through the deposition of thick, often lignified, non-suberized cell wall material with a small amount of proteins . The development of endodermal cells is not synchronous. An intermediate zone is formed where the endodermal cells in the primary state -passage cells -are surrounded by endodermal cells in the secondary state (Kroemer, 1903) .
The endodermis plays several roles. Endodermal tissue controls the transport of water between the outer cortex and pericycle, and its plasma membrane contains large amounts of water-transporting aquaporins (Javot et al., 2003; Bramley et al., 2009) . The endodermis also plays a role in maintaining the water pressure in the stele due to its high hydraulic resistance and low radial hydraulic conductivity when compared with stellar tissues (Joshi et al., 2009) . It prevents the loss of compounds from the vascular cylinder and controls diffusion and transport of ions (von Guttenberg, 1968; Fernandez-Garcia et al., 2009) . Vacuoles of endodermal cells are an iron storage compartment in embryos of A. thaliana (Roschzttardtz et al., 2009) . The endodermis may also create a barrier preventing attacks of pathogens such as bacteria and fungi or penetration of mycorhizal hyphae into the vascular cylinder (Strack et al., 2003) . It mechanically supports the root and, in some species, it was shown that the endodermis affects the elasticity of the whole root (Hattori et al., 2003) . The endodermis is the primary gibberellin-responsive tissue that regulates organ growth, and endodermal cell expansion is thought to be rate limiting for elongation of the whole root (Ubeda-Tamás et al., 2009) .
Apoplasmic barriers develop at a regular distance from the root apex. This distance is species specific and its development is influenced by different environmental stimuli and stress factors. Roots develop Casparian bands and suberin lamellae closer to the root apex as a reaction to cadmium in the growth medium (Zelko and Lux, 2004; Vaculík et al., 2009) . Increased suberin and lignin deposition is involved in abiotic stress-regulated responses (Vance et al., 1980; Mitchell et al., 1994; Franke et al., 2009; Lee et al., 2009) . The roots of Ricinus communis increase the amount of aliphatic components of suberin after high salinity-induced stress (Schreiber et al., 2005) . Extensive apoplasmic barriers develop in rice roots, correlated with reduced Na + uptake and enhanced survival when challenged with high salinity (Krishnamurthy et al., 2009 (Krishnamurthy et al., , 2011 . On the other hand, the endodermal apoplasmic barriers of Phragmites australis reacted to flooding and to hypoxia or anoxia by developing at a greater distance from the root apex. This apparently facilitates the supply of oxygen to the root apical part through the aerenchyma from stems (Soukup et al., 2002) . Several genes involved in suberin biosynthesis have been described (Compagnon et al., 2009; Franke et al., 2009; Lee et al., 2009; Panikashvili et al., 2010; , but still some parts of the suberin biosynthetic pathway are not understood.
The characterization of the development of the endodermal barriers at an ultrastructural level has not been carried out in A. thaliana. In the present study we characterized the development of endodermal apoplasmic barriers in the primary root of wild-type A. thaliana. We also investigated how this process proceeds during the development of lateral roots. Apoplasmic barrier development in the wild type was compared with plants with mutant genes shr and scr in which ground tissue is defective. Our hypothesis was that loss of SHR or SCR function would lead to morphological and topological changes in apoplasmic barrier development.
MATERIALS AND METHODS

Plant material and growth conditions
Wild-type plants of Arabidopsis thaliana [ecotype Landsberg erecta (Ler)] and the mutants shr and scr-3 were used for experiments. Bleach-sterilized seeds of A. thaliana were sown on full-strength MS medium (Murashige and Skoog, 1962) , ten seeds per 120 mm round Petri dish with 20 mL of culture medium, and stratified at 4 8C for 2 d in the dark. Thereafter the seedlings were cultured under a 16/8 h light/ dark photoperiod, with illumination of approx. 85 mmol m 22 s 21 provided by white fluorescent lamps, at 24 8C and 70 % air humidity. Samples from the apical region (0 -10 mm) of seminal roots were collected from 7-day-old plants and processed specifically depending on the type of microscopic investigation.
Fixation and embedding
For light and electron microscopy, samples were fixed in glutaraldehyde (1 . 5 % v/v) in sodium caccodylate buffer (0 . 6 M, pH 7 . 0) for 2 h, rinsed in sodium caccodylate buffer, and post-fixed with an aqueous solution of osmium tetroxide (1 . 5 % v/v) for 2 h. The samples were then rinsed with buffer and dehydrated through an ethyl alcohol series and propylene oxide, and embedded in Spurr's resin (Spurr, 1969) .
Light microscopy
To investigate histological features of endodermal cells, the Spurr-embedded samples were sectioned serially at 2 mm thickness using a microtome (Ultrotome Nova, LKB, Sweden). Sections were stained with toluidine blue (0 . 5 %) and basic fuchsin (0 . 1 %) according to Lux (1981) . Sections were examined under a light microscope (Axioskop 2 plus, Carl Zeiss, Germany).
Fluorescent microscopy
Casparian bands and suberin lamellae were observed with fluorescent microscopy (filter set Carl Zeiss N. 25: excitation filter TBP 400 + 495 + 570, chromatic beam splitter TFT 410 + 505 + 585 and emission filter TBP 460 + 530 + 610; wavelengths are in nm) after staining the whole-mount roots or their cross-sections with berberine hemisulfate (0 . 1 % v/v) and toluidine blue (0 . 5 % v/v) (Brundrett et al., 1988) , and Fluorol yellow 088 (0 . 01 % v/v) (Brundrett et al., 1991) , respectively. The clearing method for the observation of the lateral root junction was also used (Lux et al., 2005) .
Confocal microscopy
Intact plants of A. thaliana were stained for 90 s in a 10 mM aqueous solution of propidium iodide, rinsed three times with distilled water and investigated with a confocal laser scanning microscope (Olympus BX 62 FW1000, Olympus Corp., Japan) using an excitation beam (538 nm) and emission filter (560 -640 nm) for the observation of endodermal cells in the seminal roots.
Transmission electron microscopy
Ultrathin sections of Spurr-embedded root samples were stained for 40 min with uranyl acetate (2 % v/v), 3 min with potassium permanganate (5 % v/v) and 5 min with lead citrate (2 % v/v). Photography was performed in a transmission electron microscope JEM 2000FX (JEOL, Japan).
Cryo-scanning electron microscopy
The root samples were mounted by Tissue-Tek (Agar Scientific Ltd, UK) onto the holder and deep frozen to -190 8C in an Alto 2500 cryostat (Gatan Inc., UK). After being broken at the required position, the samples were etched for 180 s at -90 8C, and thereafter covered with a 2 nm layer of platinum and palladium mixture, again cooled to -135 8C, and observed with a cryo-scanning electron microscope JSM 7401F (JEOL, Japan) at an accelerating voltage of 5 kV.
Digital image analysis
The anatomical and cytological structures, and proportion of Casparian bands and suberin lamellae were compared after digital documentation (digital camera DP72, Olympus) by image analysis software Lucia (v. 4 . 80, 2002, Laboratory Imaging, Prague, Czech Republic) .
Statistical analysis
In each experiment, at least ten primary roots of the same genotype were used for microscopic and all other analyses. The experiments were repeated three times. Data are presented as the mean + s.e. and they were analysed by one-way analysis of variance (ANOVA; Statgraphics Centurion XV, v. 15 . 2 . 05, StatPoint, Inc.).
RESULTS
The primary structure of A. thaliana wild-type roots (shown here in 7-day-old ecotype Ler, Fig. 1A , D) has a simple and usually highly regular arrangement of tissues and cells. A single-layered epidermis (ep in Fig. 1A , blue colour in Fig. 1D ) is formed by longitudinally arranged files of trichoblasts (dark blue) producing root hairs and files of atrichoblasts (light blue). The cortex consists of only two cell layers. The outer cortical layer (oc in Fig. 1A , violet colour in Fig. 1D ) has the character of parenchyma cells without specific cell wall modifications, i.e. no exodermis is formed. The inner cortical layer differentiates as endodermis (en in Fig. 1A , red colour in Fig. 1D ), arranged in cross-section as a regular circle of usually eight radially flattened cells. The vascular cylinder is encircled by a single-layered pericycle ( pe in Fig. 1A , yellow colour in Fig. 1D ), and vascular tissues are diarch, formed by two interconnected xylem poles (x in Fig. 1A , brown colour in Fig. 1D ) and two separate phloem poles ( ph in Fig. 1A , green colour in Fig. 1D ).
The cortical initial daughter cells do not divide in scr-3 mutants to produce the outer cortical cells and the endodermal cells (Fig. 1B, E ). Some divisions occur irregularly which results in a mosaic patterning, where the cortical region is composed either of two cell layers, outer cortical cells (oc in Fig. 1B , violet colour in Fig. 1E ) and endodermal cells (en in Fig. 1B , red colour in Fig. 1E ), or of a single cell layer of atypical cortical cells (ac in Fig. 1B , grey colour in Fig. 1E ). As a result, the scr-3 mutant does not form a complete layer of endodermis on a cross-section, but it is usually arranged in two disconnected semi-circles consisting of 1 -3 cells each. The files of the endodermal cells are not continual along the root axis from the base to the apex. The pattern of endodermal cells is not stable in the same root. It changes from three to six endodermal cells on the cross-sections at different distances from the root apex in the same root (whereas the wild-type Ler typically possesses eight files of endodermal cells). Additionally, a reduced number of cells is developed in the vascular cylinder when compared with the wild-type Ler.
The shr mutant roots are morphologically different from either the wild type or scr-3 mutants (Fig. 1C, F) . The endodermal cells are not developed; thus the cortical layer consists only of a single layer of atypical cortical cells (ac in Fig. 1C , grey colour in Fig. 1F ), and the vascular cylinder possesses a lower number of cells compared with the wild type. The reduced number of cells of the vascular cylinder and nondeveloped endodermal cells results in a smaller diameter of the primary root.
Casparian band development in the wild-type Ler
The endodermis develops in two stages in A. thaliana Ler primary roots. The first stage includes Casparian band formation ( Fig. 2A) . Based on the TEM and confocal laser scanning microscopy, it starts in Ler primary roots close to the root apex, at a distance of 1600 mm from the root cap junction, where the root hairs have already started to grow (Fig. 2B) . The endodermal cells starting to form Casparian bands are usually highly vacuolated; however, abundant membranes of endoplasmic reticulum, numerous mitochondria, and dictyosomes of Golgi apparatus are present in the cytoplasm close to the developing Casparian bands (Fig. 2C3-C5 ). Casparian bands develop continuously in anticlinal endodermal cell walls. Cell wall components characteristic of developing Casparian bands are first deposited from the middle lamella.
The early stage of this process can be seen by TEM as the appearance of an approx. 990 nm wide electron-dense area in the middle of the radial and transversal cell walls (Fig. 2C1-C5 ). The Casparian bands develop first at the proximal pole of the endodermal cell (oriented to the root base) and development continues to the distal pole of the same cell (oriented to the root apex). The process of deposition of Casparian band material continues and its volume not only extends into the middle lamella and within the primary cell wall, but deposits protrude slightly above the level of the primary cell wall. Material of Casparian bands is deposited from the centre of anticlinal endodermal cell walls and afterwards the electron-dense region expands centripetally and centrifugally until the Casparian bands reach their final size. At maturity they are approx. 1220 + 125 nm wide in anticlinal cell walls when viewed on radial section. This occurs at a distance of 2100 mm from the root cap junction. Mature Casparian bands occupy approx. 0 . 15 + 0 . 01 % of the volume of endodermis and ,0 . 00018 + 0 . 00003 % of the whole primary root at this distance from the root apex.
The cell wall in the region of the Casparian band has a wavy shape (Fig. 3) . This shape possesses specific waves in the space as it can be seen in both tangential (Fig. 3A, B ) and radial sections (Fig. 3C) . The length of the wave is irregular along the Casparian band and varies between 1417 and 2287 nm, with an amplitude of 260 + 69 nm. Fully developed Casparian bands of all individual endodermal cells form a network of cylindrical shape. In the primary state of the root this network separates the apoplasm of the inner regions of the root (the vascular cylinder and centripetal part of the endodermis) from the apoplasm of the external regions of the root (centrifugal part of the endodermis, the rest of cortex and the epidermis).
Endodermal cell -cell contact is required for the spatial control of Casparian band development
The cortex of the scr-3 mutant has a mosaic pattern consisting of typical endodermal cells, outer cortical cells and atypical cortical cells (Fig. 4A) , resulting in a combination of two different localizations (typical and ectopic) of Casparian band-like material. The Casparian bands are deposited in the same position as in the wild type (in the centre of anticlinal cell walls) when two adjacent endodermal cells develop (Fig. 4B) . In regions where no endodermal cells develop, the cortex comprises only a single layer of atypical cortical cells. In these cells the Casparian bandlike material is deposited in this case in the centripetal junction of adjacent anticlinal cell walls of these atypical cortical cells (Fig. 4C) . The same deposition pattern occurs when the developed endodermal cell and atypical cortical cell are attached by their anticlinal cell walls.
A single layer of cells forms in the place of the endodermis and cortical cell layers in the primary root of shr mutants (Fig. 4D) . These cortical cells do not form typical Casparian bands like those found in the wild type. However, electron-dense material similar to the Casparian band material is present in the form of numerous punctate deposits in the middle lamellae of vascular cylinder cells (Fig. 4E ). An additional feature of these mutant roots is an increased width of cortical cell walls (Fig. 4F ) compared with the wild-type Ler.
Development of suberin lamellae
Cell wall modifications continue in wild-type Ler to a secondary stage where lamellar suberin is deposited on the inner surface of primary cell walls (Fig. 5A ). This process usually starts at a distance of approx. 7500 mm from the root cap junction and approx. 5900 mm from the beginning of the site of Casparian band deposition. While this deposit appears as compact homogeneous material when imaged by cryo-scanning electron microscopy, by TEM it is seen to comprise alternating electron-dense and electron-translucent lamellae arranged parallel to the primary cell wall surface (Fig. 5B) . The widths of the electron-dense and electron-translucent lamellae are 2 . 7-5 . 8 and 4 . 7 nm, respectively. The thickness of suberin deposits depends on the developmental stage of the cells. It usually differs not only in neighbouring endodermal cells, but also within the same cell. Suberin lamellae are first deposited in areas where the connection between tangential and anticlinal endodermal cell walls occurs. Suberin lamellae continue their development on the inner tangential cell wall, and after that on the outer tangential wall and on the anticlinal walls. The thinnest deposits are attached above the Casparian bands, and the thickest are in the regions of junctions of several cells. The thickness of suberin lamellae deposits increases with the increasing age of endodermal cells, i.e. with their increasing distance from the root apex. The maximum width of suberin lamellae deposits in 7-day-old Ler plants is 51 + 7 nm. The process of suberin lamellae development does not start in all endodermal cells at the same distance from the apex. It starts first in the cells opposite the phloem elements in the vascular cylinder and thereafter in the cells adjacent to the xylem poles. At a distance of approx. 9800 mm from the root cap junction the whole cylinder of endodermal cells becomes covered by suberin lamellae and the endodermis is completely in the secondary state. At this distance from the root apex, suberin lamellae occupy approx. 2 . 39 + 0 . 32 % of the endodermis and ,0 . 00293 + 0 . 00041 % of the whole primary root.
Endodermal cells of scr-3 mutants form suberin lamellae similar to the wild type. However, atypical cortical cells of scr-3 roots do not form any suberin lamellae. In the shr mutant, the cortical cells do not form suberin lamellae at all. Thus the typical endodermal apoplasmic barriers -formed in wild-type Ler by Casparian bands and suberin lamellaeare not developed in shr primary roots.
Development of endodermal cells in the vicinity of lateral root primordium
An early stage of the lateral root formation is represented by dividing pericycle cells. The endodermal cells surrounding this initiating root primordium respond early to this event. In the Ler genotype it occurs in primary roots at a distance of 7000-8000 mm from the root cap junction (the average length of the whole root is 45 300 + 4100 mm). This process starts in the primary root within the area of the first stage of endodermal development, when endodermal cell walls possess only Casparian bands. However, the cells neighbouring the lateral root primordium preferentially proceed to the second stage, as shown by the deposition of suberin lamellae. This can be seen in the whole-mount roots cleared and stained by Fluorol yellow 088 and observed under fluorescence (Fig. 6A) . The process of suberin lamellae deposition proceeds only gradually in the neighbouring cells as these cells mature. The endodermal cells surrounding the developing lateral root primordium form a pocket (Wurzeltasche) covered by suberin lamellae (Fig. 6B, C) . This pocket covers and protects the primordium protruding through the peripheral tissues. The newly formed endodermal cells of the lateral root at its base are short and soon become protected by Casparian bands and suberin lamellae. At the base of a lateral root, a distinct collet (collar) of short endodermal cells is formed, which interconnects the endodermal network of the primary root with the network of a newly formed lateral root. This 'safety zone' is clearly visible after fluorescent staining at the basal parts of grown lateral roots, which are immersed in the tissues of the primary root (Fig. 6D) . The development of Casparian bands and suberin lamellae in endodermal cells of A. thaliana Ler primary root related to the distance from the root apex and influenced by the lateral root primordium formation is summarized and shown schematically in Fig. 7 .
DISCUSSION
The endodermal cells of the A. thaliana primary root develop in two stages -primary and secondary -which is consistent with observations in many other dicotyledonous species (von Guttenberg, 1968) . Both stages of endodermal development are characterized by deposition of specific cell wall material. This helps to form the barrier controlling radial uptake and loss of water and solvents between the vascular cylinder and peripheral tissues, and the barrier against potential pathogen invasion Strack et al., 2003) .
In the primary stage, Casparian band development starts by forming a close contact between the cytoplasmic membrane and the cell wall, which results in specific band plasmolysis under hypertonic conditions (Ma and Peterson, 2001) . A group of Casparian strip membrane domain proteins (CASPs) have been identified, which specifically mark a cytoplasmic membrane domain that predicts the formation of the Casparian band. Double mutants of CASPs exhibit disorganized Casparian bands (Roppolo et al., 2011) . Similar to many other species Peterson, 2001, 2003) , Casparian band development in wild-type A. thaliana plants continues by deposition of electron-dense material in a typical position approximately at the centre of the anticlinal cell walls, and after that the bands are widened toward the tangential cell walls. Casparian bands in A. thaliana Ler, when first detected, are about 990 nm wide. The average width of Casparian bands in this early state in Zea mays is 920 nm (Uetake et al., 2001) and that of Pisum sativum is approx. 1000 nm (Karahara and Shibaoka, 1992) . Casparian bands of A. thaliana are formed as wavy lamellae. The function of this feature is unknown. The same shape of Casparian bands was observed in the roots of several species, e.g. Iris germanica (Meyer et al., 2009) and P. sativum (Karahara and Shibaoka, 1992) in intact cells under fluorescent microscopy. Interestingly, isolated Casparian bands do not possess this specific shape (Karahara and Shibaoka, 1992) . This shape may be maintained in intact cells to ensure the extensibility of endodermal cells to some degree.
We observed a large number of mitochondria, vesicles of the endoplasmatic reticulum and dictyosomes in the cytoplasm surrounding the developing Casparian bands. This is in agreement with TEM observation of endodermal development in Allium cepa (Ma and Peterson, 2001) . It can be assumed that those organelles are involved in the development of apoplasmic barriers. There is an assumption that lignin and suberin precursors synthesized inside endodermal cells are transported to the cytoplasmic membrane, released from protoplasts, oxidized by peroxidases bound to the cell walls and polymerized (Whetten and Sederoff, 1995; Franke and Schreiber, 2007) .
The distance of Casparian band formation from the root apex is species specific, varies within species, and also depends on the rate of root growth Martinka and Lux, 2004) . The Casparian bands of A. thaliana Ler develop at a distance of 1600 mm from the root apex. It is similar to the results from the Columbia ecotype, where the membrane attachment and the lateral barrier for lipid tracer form at 11-12 endodermal cells from the boundary between the meristematic and elongation region (Alassimone et al., 2009) , which means approx. 1500 -1600 mm from the root cap junction. This distance can be much longer in other species: 10 000 mm in A. cepa (Barnabas and Peterson, 1992) and 13 000 mm in Z. mays (Uetake et al., 2001) . Moreover the distance of Casparian band development is modified by external factors (e.g. Ma and Peterson, 2003; Lux et al. 2011; Vaculík et al., 2012) and it is also different for different categories of roots. Casparian bands mature closer to the root apex in the lateral roots compared with the primary root in Hordeum vulgare (Robards et al., 1973) and Camellia sinensis (Tanimoto et al., 2004) . Their extremely early development (250 mm from the apex) was observed in non-growing lateral roots of Vicia faba compared with actively growing primary root of the same species (5000 mm from the apex) (Peterson and Lefcourt, 1990) .
We assume that the endodermal cell -cell contact and presence of a position signal are required for spatial control of Casparian band localization. The evidence indicating this possibility results from the localization of Casparian band-like material in an atypical position in some mutant plants. Di Laurenzio et al. (1996) characterized the scr mutant of A. thaliana, where the root cortex consists of only one layer of cells with combined features of outer cortical and endodermal cells. According to these authors, this single layer of cortical cells possesses Casparian bands. It seems that in the scr-3 mutant observed by us there is not complete loss of function of the SCR product required for development of the endodermis (Cui et al., 2007) , and therefore the mosaic composition of the root cortex is developed. The cortex of the scr-3 mutant consists of endodermal cells, outer cortical cells and atypical cortical cells. This results in the typical and ectopic localization of Casparian bands and Casparian band-like material in the same root. When two adjacent endodermal cells are developed, some hypothesized positional signal is present in the correct place, approximately in the middle of anticlinal cell walls. The Casparian bands develop in this case in the typical location. In the case when cortical initials do not divide into the endodermal and outer cortical cell, a file of atypical cortical cells is developed. These cells probably do not have the capacity to deposit the positional signal in the correct place and the result is the deposition of the Casparian band-like material ectopically in the centripetal junction of anticlinal cell walls. The deposition of Casparian bands closer to the inner tangential wall was also observed in P. sativum plants (Karahara and Shibaoka, 1992) . However, to the best of our knowledge, there is no evidence about the localization of Casparian bands only in the junctions of adjacent anticlinal cell walls of cortex and outer tangential cell walls of the pericycle in any wild-type plants. We have also observed the ectopic localization of electron-dense material similar to Casparian band material in the shr mutant characterized by the absence of endodermis. Unlike in the scr-3 plants, the Casparian band-like material is distributed in a spotted pattern in the middle lamellae of vascular cylinder cells. This indicates that this cell wall modification is formed independently of cell identity, and a signal to initiate its formation is not endodermis dependent. These data also indicate that the formation of apoplasmic barriers in the cell walls is a crucial feature of the vascular plants to control the flow of water and solvents in the apoplasmic space, even when the endodermis is not developed.
After the primary state, the endodermal cells proceed to the secondary state and formation of suberin lamellae. The endodermis of A. thaliana develops suberin lamellae at first along the inner and later along the outer tangential cell walls. The opposite process of suberin lamellae deposition was found in A. cepa where they develop first along the outer and thereafter along the inner tangential cell walls (Ma and Peterson, 2001 ). The thickness of suberin depositions is not consistent within the same cell. Waduwara et al. (2008) have found that endodermal suberin lamellae are perforated by pores in onion roots, which could serve as areas for water and ions to enter the cytoplasm of the endodermis. Suberin deposits in the endodermis of A. thaliana root observed by TEM have a typical structure of alternating electron-dense and electron-translucent lamellae parallel with the surface of the primary cell wall. This structure can be formed due to the chemical nature of suberin, which consists of aliphatic and aromatic components (Bernards et al., 2002) . Unlike electron-dense lamellae with variable width, the electron-translucent lamellae are of a stable width (Nawrath 2002) . This may result from the variable size of aliphatic components and a relatively stable size of molecules of aromatic components (Compagnon et al., 2009) .
The close contact between the cytoplasmic membrane and the cell wall, typical for the first state of endodermal development -Casparian bands -is disrupted after formation of suberin lamellae (Enstone and Peterson, 1997) . The distance of suberin lamellae deposition from the root apex varies as in the case of Casparian bands. It depends on the plant species, age of the plant, the rate of individual root growth (Wilcox, 1962; Robards et al., 1973; Perumalla and Peterson, 1986) , the growing conditions and the presence of environmental stressors such as drought, salinity, toxic metals, nitrate and oxygen supply (Soukup et al., 2002; Zelko and Lux, 2004; Martinka and Lux, 2004; Schreiber et al., 2005; Lux et al., 2011) . Whereas the suberin lamellae of A. thaliana start to develop at a distance of 7000 -8000 mm from the root apex as observed in our case, the suberin lamellae deposition starts at 80 000 mm in Z. mays and at 50 000 mm in C. sinensis (Tanimoto et al., 2004) . Earlier development than we found in A. thaliana was observed in the root of Gentiana cultivated in soil, at a distance of 5000 mm from the root apex (Š ottníková and Lux, 2003) . The intermediate zone between state one and two of endodermal development of A. thaliana primary roots is relatively short. This is typical for many dicotyledonous plants where the outer cortex dies relatively early and endodermis temporarily takes the role of protective outer layer until the formation of periderm (von Guttenberg, 1968) .
An interesting finding is the early development of suberin lamellae in endodermal cells surrounding developing lateral root primordia. The pocket surrounding a lateral root primordium protruding through the cortex of primary root was observed and described earlier as 'Wurzeltasche ' (von Guttenberg, 1968) . In the present study, it was found to be formed by endodermal cells in the secondary state covered by suberin lamellae and it may serve as a protection for lateral root primordia during their development and growth through the peripheral tissues of the primary root. This endodermal pocket may also protect the vascular cylinder of the primary root against an invasion of pathogens from the rhizosphere and it can help to control the radial transport of water and ions to and from the vascular cylinder. During ongoing growth of the lateral root its endodermis becomes interconnected with the endodermis of the primary root. This connection in the case of A. thaliana is formed by a collet (collar) consisting of short endodermal cells. The endodermal collet may represent 'a safety zone' for a mechanically weak region of the junction between the primary root and lateral root. This apoplasmic barrier safety zone seems to be in some aspects analogous to the hydraulic safety zone formed by short tracheal elements on the base of lateral roots (Luxová, 1990) . Probably the main function of the endodermal collet is to provide the protection and safety of the vascular cylinder of the main root. The uncontrolled flow of water and solutes may occur after damage to the area of the lateral root primordium junction (Peterson et al., 1981) .
The endodermal apoplasmic barriers represented by Casparian bands and suberin lamellae spatially occupy only ,0 . 15 and 2 . 39 % of the endodermis, respectively. Despite this small volume, they can fulfil several important functions such as control of transport of ions, compounds and fluids between the middle cortex and vascular cylinder, protection against pathogens, regulation of oxygen supply, etc. (Peterson et al., 1981; Moore et al., 2002; Soukup et al., 2002; Strack et al., 2003) .
From the results obtained, several questions have arisen and further investigations will be needed to study the hypothesized signal for endodermal apoplasmic barrier development, the function of the endodermal pocket and collet at the base of lateral roots, and the mechanisms controlling their development.
